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“1’his paper summari7, cs salient activities
witl]in  t}]e N A S A  “J”elcrolmtics l’ror,  ra]n,
cln]~llasizin~  colnplctc ielcrobolic systcJn
prototypes which have becvl built ad tcstd in
realist ic scenarios relevant to prosjwc[ive user S.
“J”he  ]Japer  alscl dcscl-il]es  colnplcmcntary
Clcvcloplncnts in innc)va t ivc c o m p o n e n t
tcchnolo~ies.

I. 1 N’1’l<ol IUC’1’ION

‘1’hc ‘1’clc: obotics  l’rc)~rarn responds  t o
op~mr[unitics  o f  NASA sf)acc ]nissio]ls  and
syslcms,  and seeds comlnmcial applicatimw o f
the enlcr~il)g  telcrotmtics  techl)olocy.  ‘1’lIe
prilnary goals of the program are:
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“l”lw scop. of the pro~ram ranges from basic
rcvwarch, to Sy]llhcsis of coJnpldc  systems, and
to cvaluaiicm  in r e a l i s t i c  .grouml and flight
cx~wril]icvlts. ‘1’he clncrfiin~ tccl\T\okJfiics have
im~mr[al~t  dual USPS both to NASA thrusls  in
space ald in such commercial areas as medical
robotics, agriculture, and subsea exploration.
‘1’hcIre is ]najc)r plrlicipation  Lly ul~iversities and
industrial partl~ers. ‘1’his ~~aper  ~}rovides
Sclcctc’cl high] i~hts of tl]c t e c h n i c a l
acllicvc]nc]lts  and fllturc fpls of tlIr ]nop,raln.
‘1’he ‘J’elerobotics  I’rc)8ra1n i s  an clement  of
NASA’s onsoing rc.search program, u]lclcr the
rcspo]lsibi]ity c)f tlw office o f  Actvancd
C(mccpts a]d ‘1’ec}mok)gy (OACTJ’).

‘1’lle 3’clcrc~l>otics l’ro~raln h a s  hccn
struc tured  to address the three specific
app]icatic)]l areas: Chl-orbit attacld ald frcw-
flyi]l~ scrviccrs, scic]lc(~ payload tcncti]lg, and
~>lanctlary st]rface  rolmtics.  W i t h i n  cacli  of
!lIcsc alcas, the prograln su~~~>c)rts  the
Ctcwclopncl]t c)f robotic colnpomu\t tcclumlo~ics,
cfcvc’lopmc’llt o f  C(mplet(’ robots, a]lcl
il]l]>l(’rllcr[tatic)]l o f  colnplctc  robotic  systmns
focusd 01] !I)c’ s p e c i f i c  lnissioJl  IICdS. ‘1’hc
]mo~~aln slruclurc  is sulnlnari?pd in l:ifi. 1.

A. (1~-or-l)it Servicing

‘1’his scfy]lcnt  of the pro8raln  d e v e l o p s
tcchllolocy  for application to oil-orbit  satellite
spl Vici]lp, I]y both  frc)e-flyinfi  al~cl platforln
attacllut scrvicinfi r o b o t s . l“he taTSct
applications  i~lcluctc~ such tasks as rcj)ai]  of
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satellites, grounct-bascct
servicers, and servicing c)f

free-flying small
control of robotic
cx!enlal space platforln  payloads. “J’he u scr
communi(y  includes Space Station l;reedom,
M i s s i o n  to l’]anct l{arth,  a n d  the S p a c e
“I”ransporta(ion System.

1;. I;xploration  Robotics

‘J’llis segment of the program develops
robots  to satisfy t}w planned requirements for
cwplorin~ planetary sl]rfaccs. Robots  will
explore potential landinz  sites and areas of
scientific interest, p]acc science instruments,
and p,ather samples for analysis and possib]c
returl] tc) Earth. ‘1’hc robots required for such
operations will require }li~h levels of local
autonomy, including the ability to perform
local IIavigatic)n, identify areas of }mtcntia]
scientific interest, regulate on-board resources,
and schedule activities, all with limited
~rou]ld command intcrventio]l. Specific
applications arc to the Mars Surveyor )’rog[a~n
and other pro~rams  planmd  by the Mission
Mm l’lanct }{arth user communities.

C. ‘1’crrcstrial and Commercial
Applications

‘f’his segment of the program provides a
means to test and dcmcmst ra te space tar@cd
ctcveloped tcclmolofiies  in realistic opcraticmal
settings. in addition, this element of the
pro~ram includes tasks intended  to rapidly
mc)vc ]>rc)~rar]~-develo]wd technology m t into
the commercial applications cmnmunity.  ‘1’hesc
projects are jointly conducted by program
]abc)ratorics and industrial pari]wrs  to crcatc
and demonstrate full system prototype solutions
to well understood terrestrial ]moblcms which
can positively impact siCnifical\t  areas of the
natiol]al cconorny.

1). component Technology

‘1’his se~mcnt  o f  t h e  }>ro~ram dcwelops
compo]]cnt technolog ies  which  address
Inultip]e user needs. l’hesc  technologies arc
ty~)ically long lead-time itelns,  which Inay
take many years to fully dcvelo~~ and brins to
an appropriate level of readiness. } lowmwr,
these elements typically have tlw pc)tential of



significantly improving or CVfX rcvolu[ioni7,illC
the state-of-the-art  in space tclcrobotics
tcchnolosy.

Ii. Science l’ayloact Maintcnancc

‘J’his sc~mcnt  of the program matures
robotics technologies for usc inside press uri7.ccJ
living  space to ]naintain and service science
payloads. ‘J’his capability will c) ff-load the
requirements of intensive astro!laut
maintcnal~ce  of tlmsc payloads, and permit
cpmation  of tlw payloads during periods when
astronauts may not bc present.

11. “1’lIZ1 IN ICAI.. C) V1{RVIHW:
II,l,US’J’l<A-J’IVI{ ACI”lVI’I”II;S

A. Ch~-C)rbit  Servicing

1. l:rcc-flying  Servicers. l)cvcloping
]WW techno]o~ies  for space telcrchc)tics  brines
with it the Jmxi to understand its impact c)n the
operational capabilities of the eventual
tclcrobotic systems. Addressing this area of
space tclerobolic operations is the primary
focus of the lJnivcrsity of Maryland Space
Systcrns  1,aboratory (SS1 ,). The SS1, pioneered
the dcvc’loplnent  of analytical models for
ncutra]  buoyancy simulation and performed
cxiensivc tests c)n extra-vehicular operations.
~’here has been intense cn~phasis on neutral
buoyancy simulations of integrated }iVA/
tclcrolmtic  work sites. The Beam Assembly
“1’clcoperator (BAF1’) has performed asscmb]y of
Space Station truss structures, as well as tests of
1 Iubble Space ‘J’clmcopc servicinpp  both alone
and in conjunction with I;VA subjects. 7’lIc
M u l t i m o d e  I’roximity Operations I)cvice
(MPOI))  has pmfc)rmcd  a number of tasks
relevant for orbital maneuvering vehicle-class
spacecraft, and has demonstrated the utility of
manncct astronaut support vehicles for cxtcmdcd
I:VA capabilities. ‘1’hc Apparatus for Space
‘J’cleRobotics  C)pcrations (AS’I’RO) h a s  b e e n
used to research tl~rec-dil~~cl~sior~al  ]x)si tioninfi
and station keeping systems. ‘1’hc Stewart
l)latform  Au8nwntcd  Manipula tor  (SI)AM)
replicates the functionality of  the Space
S]lutt]c  ]{cmotc Manipulator system, with
in~prc)vmwnts in fine end-point positioning
l)ascd on the Stewart l’latforln wrist. ‘J”hc
Supplcmcnta] Camera and Mane’uvering

l’latfc)rm ( S C A M I))  provides operator-
contmllablc  external video views, and has been
used for tests c)f s in#c -opera tor  contro]  of
multiple free-flying tc]erobots.

‘1’hc RANG]{]{  ‘1’clcrobotic  F l i g h t  Hx-
pcrinwnt (’J’IJX) is unctcr development at the
LJniversity  of M a r y l a n d  S p a c e  S y s t e m s
laboratory. This project includes the
development of neutral buoyancy and fliSht
prototypes for a class of low-cost expendable
telcrotx)ts desi~ncct for research and Scrvicinc in
space, beyond the space station orbit. The
RANC113{ whiclc  is based on a Inodular dcsi8n,
drawiltg both design expcricncc  and component
technolo~y  from BAT,  M1’[)1), a n d  o t h e r
previous SS1, tclcrobot  projects. ‘l’he vehicle
will be equipped with four manipulators: two
7-DOIF (dc~rcc  of freedom) arms for bilateral
dexterous manipulation; a 7-IX)I~ manipulator
for grappling at t}w local worksitc;  and a 6-
lX)l: arm that positions a pair of stereo video
calncras  for primary feedback to the remote
operatc)r. A second stereo video camera pair,
mounted on the vehicle centerline, will provide
a stable visual  rcfercncc for  free-fJ ight
maneuvering, as well as to ultimately feed an
image into a vision system for autonomous
vehicle docking. Figure  2 illustrates early
operational testing of the neutral buoyancy
version of the Ranger vehicle.

2. Attached Servicers: a.
C)rbitcr Scrvicin~  S y s t e m .  “I”hc

Vdwk?.+’

I>cxtcrous
Ilcxtcrous

Orbiter Scrvicin’i System (l ICXS),  bcinc
desigycd and built by a team led by the Johnson



Space Center, is a dexterous manipulator for
the Orbiter payload bay. 1! is a sidewall
lnounted robot that operates from a fixed base
or from the end of the Remote Manipulator
Syste:n(RMS).  I’his arm will providcthecrcw
and mission controllers with an alternative to
};VA for performing payload bay operations.
‘1’hcsc activities include EVA worksite  setup,
payload operations, and man y cent i ngcncy
operations (e.g., repairs). l’hc 110SS  i s
designed for repetitive flights and can be USCCI
as a baseline  operational capability similar to
the I< MS. It can also function as a testbcd for
fu t urc telerobot ic experirmnts.  ‘1’he 1X3$X will
utilize many technologies developed within
NASA’s ‘1’clcrobotics lh-ogram,  including robot
control from Langley Research Center, remote
surface inspection from JI’1,, and ground operator
cent ml from J 1’1..

l). Rcnlotc Sur face  inspec t ion .
(kmplcx space missions require routine al~d
unschedu]cd  inspection.  q’he ]et l>ropulsion
1,aboratory is developing supervised inspection
techniques for tedious tasks as an aid to the
operator. I“he tclerobotic system would perform

inspection relative to a given reference (e.g.,
t}w status of the facility at the time of the last
inspection) and alert the operator to potential
anomalies for verification and action. Onc
example might be for the inspection of truss
struts for nlicrornrteoroid  dama~c and visible
cracks (e.~. 0.70cn~long,0.02  cnldecp,and .018
cm wide in openings as small as 20 cm and
inspection up to 60 cri~ deep inside the opening)
on thermal radiator surfaces. Simulation of
rca]istic dyIla  Illi C ]ightinc c o n d i t i o n s  i s
illcludcd. The baseline inspection task is to
teleoperate  a robotic arm which carries a pair
of mini-wrist cameras. Illc operator uses a pair
of 3 1 X)l~ joysticks and can cent ro] the lighting
to better view the scene. Additional cameras
with pan/tilt zoon~/focus control arc controlled
by the operator to observe the arm’s motion and
to inspect objcck which are far frcm the arm. A
local remc)te architecture is mnploycd .s0 that
space  and time distances can be cffcctivcly
treated. Figure 3 illustrates a sin~le c)perator  in
a full scale cupola mockup performing an
inspection of a simulated Space Station truss
struclurc.



11. l;xploration  Robotics

1. I’lanc!ary Rover Technology
Program. Rover tcchnolc)~y enables Cxlcvlsive
rolx)tic exploration of SClcctcd areas of Mars or
other  planets. l’he rover technology base
emerging from this prc)gram has enabled the
MIISLJR/Pathfinder  p r o j e c t  microrover,
currently planned for launch in 1996. An active
research and development program aimed at
si~nificant  capabilities beyond the l’athfincicr
microrover  is in place at ]1’1.. g’his technology
base w i l l  g r e a t l y  e x p a n d  the c u r r e n t
M} ISUI{/1’athfinder  microrover performance ill
the areas of  goal  identificatic)n,  incrcascd
vehicle mobility, intelligent terrain
navigation with in-sit u rcscm rcc mana~cnwnt,
and manipulation of science illstrLllllelltatioll.
‘1’hc goal is to combine both research and
system demonstrations to advance the state of
rover technologies while  maintaining flight
profyam  relevance. Spcci fic goals over the next
fc)ur years arc: (1) autonomously traverse 100 m
of roll~h terrain within sight of a lander; (?)
aukmomcmsly traverse 100 m of rough terrain

over the horizon with return to lander; (s)
autonomously traverse 1 km of rc)u~h terrain
with execution of SCICC[ manipulation tasks; (4)
complete science/san~ple acquisition and return
to lander with over the horizm navigation. A
series of rover vehicles are bcin~ used to conduct
these tests. “1’ypical of these is the Rocky
vehicle shown in Fig,. 4, which provides a
micromvcr  tcstbcd  whose six-whcclcd  design
enables the vchiclc  to climb over obstacles.

~“hc rover tcc11nolo8y program is being
implcmcntcd  with cxtcnsivc university and
industrial involvclncnt  in such areas as sensor
suites for long d istancc navigation on planetary
surfaces; legged vs wheeled vehicle rnobili t y;
virtual environment operator interfaces; robotic
f,rasping devices; and behavior based obstacle
avoidance and fault-tolcrancc.

2. 1.unar Rover I)crnonstration  (CM U).
T h e  I,unar Rover  IXmonstration pro~ram  at
CarncSic  Mellon University develops and
demonstrates a convincing, comprehensive
mobile robot mission capability required for a



NASA 1,unar Rover  Mission, and associated
commercial interests. l’hc  project builds on a
number of mobile  robot pmtot  ypes (I >ANI’F,J
AMl\l .1;1<, etc.) dcvclopcd  over the last several
years a t CMU, a n d  t e s t e d  i n  l~arsh
environments including Mt. Ekcbus (Antarctica)
and Mt. Spurr (Alaska). l~igurc 5 illustrates
the I) AN”J”E  vchiclc  which was tested at Mt.
Fkcbus, Antarctica.

‘t’iw CM U Autonomous ‘t”cchnologics 7’ask
supports the Lunar Rover dcmonstraticm thrust
by developing innovative pcrccption, rover
configuration, and task- leve l  contro l
tcchnologics,  facilitatinfi  key capabilities for
mission oriented autonomy and reliability of
opcratic)n in ru~gcd, unstructured terrain. I“hc
Ames Research Center tele}>rescl~ce/vir[  Llal
reality user intcrfacc  is also being dcvclopcct
supportive of the 1 ,unar initiative.



C. l’crrcstrial  And Cornmcrcial
App]icat ions

1. Grc)uncl lhcrgcncy Response Vehicle.
‘1’he Jet l’mpulsion  laboratory is ctcvclopins  a
tclcwfmra ted mobile robot enabling Sa fcty and
11 A7,MA3’ ‘learn personnel remote access to sites
w h e r e  ha?,ardous  mater ia l s  have  been
accidcwtly spilled or released. This task is
demonstrating the  feas ib i l i ty  o f  usinc
tckwperatcd  robots in hazardous and dangerous
environments, thereby protcc[ing  people from
unknown dangers. An important aspect of the
project is the close involvement of the J1’1. l~irc
l)cpar(nwnt  1 IAZMAT Team which provides
input for system modifications as well as
operates and tests the robot. l’hc  primary
m i s s i o n  of the robot is first  entry and
reconnaissance of an incident site which may
require unlocking and opening doors, climbing
stairs, and maneuvering in tight spaces. ‘l’he
robot can also aid in material identification
usins  an on-board chemical sensor as well as aid
in incictcnt  mitigating by,  for example,
dcp]oying  absorbent pads or closing a valve.
l~i~ure 6 i l lustrates the I lAZ1\O~’-Ill robc)t
dep]oyed  in a simulated incident,

2. Satellite ‘lest Assistant (STAR).
‘1’hc object ivc of this task is to usc iclcrobot  ics
tcchncdo~y to assist cn~inecrs  as they ground
test satellites cm spacecraft in the large Space
Simulation Chambers at JI’1,. lnsidc  these test
chambers spacecraft arc expo.scd tc> cxtrcmcly
cold temperatures, high vacuum, and simulated
sunlight thereby approximate ing a space-like
environment. This project develops and
demonstrates a mobile, multi-axis, multi-
camcra,  tclcrobotic  inspection system that will
be deployed inside the thcrn~al/vacuum test
chambers and provide test operators with live
high-resolution mono and stcrcwscopic  video
and real-time infrared thermal imaging of the
spacecraft article under test. ‘1’his will augment
and improve current test procedures. IIIC S1’AR
1 R camera may also bc employed to calibrate
solar flux intensities across the entire chamber
W)] u me. ‘1’he STAR design was validated by
successfully undergoing more than 50 hours of
rigorous thermal /vacuum testins  in the 1 O-Foot
Chamber in a joint test conducted with
harctwarc  being developed fc)r J1’1 ,’s Cassini
spacecraft.



3. R’1”1’S Robotic ‘1’ile lnspcclion Systcm.
Ground processing of space vehicles is slow,
complex  and expensive. q’clcrobotic methods
applied to ground processing tasks offer
potential to reduce  turnaround times  and
increase quality and safety. In this task, a
mobile  positioner is being developed by the
Kennedy Space Center, in conjunction with
Carnegie Mellon University (CMU),  SRI,
1,ang]cy  Research Center,  and Rockwell
international. The task will demonstrate the
ability of a Wnli-autononlol]s  robotic vehicle to
inspect surfaces of the shuttle thermal
protec t ion  t i l es  for  ch ips  and dents ,
automatically record inspection information
into the tile data bases, and rc-waterproof
lower surface tiles, as well as provide a
rcconfigurablc/expandable systcn~ that could
perform cavity and gap digitization, ncJn-
contact bond verification, and surface contour
mea surcment. ‘t’hcse processes are cxtmncly
labor  intensive under the current manual
approach. introduction of robotics could make a

significant difference in Ovcra]] operational
efficiency. Figure 7 illustrates the Robotic ‘j’ilc
Inspect ion System as conceived, operating in
the orbiter workspace.

4. Robot Assisted Microsurgery. l’ub]ic
concern for improved health care, coupled with
recent enabling technology advances in
computer-based imaging and robotics, is
stimulating a growing interest in robotically
assisted surgery. Notable progress has been
made in such conventional surgical practice as
artificial joint enlplaccmcnt. I ligh dcxtmity
surgery at  small  scale remains largely
unaddressed, “I”hrough  a cooperative NASA-
industry commercialization effort, this project
develops a dexterity enhanced master-slave
telemanipulator e n a b l i n g  b r e a k t h r o u g h
procedures in microsurgery. The task will
provide an integrated robotic platform for
master-slave dual-arm manipulation over a one
cubic inch work volume at feature sizes ran~ing
20-100 microns. Capabilities will include force

reflection and textural tactile
feedback. The resulting NASA robot
technologies will bc bench-marked in
actual operating room procedures for
vitreous retinal surgery.

5. . Agricultural Robotics.
Agriculture i s  a  r ipe ,  re la t ive ly
unexploited application opportunity
wi th  uncommon advantages  for
cc)Il1111crciali7i]\g mobile robotics
technology. C)vcr a billion tractor
miles  are driven annually, repcatcd]y
over the sarnc ground. Speeds arc low,
and precision is rnodcrate.  l“he terrain
is  mi ld , and proven navigation
techniques apply. ‘l’he goal of this
CMU task is to develop, demonstrate
a n d  productizc m a r k e t - w o r t h y
contro]lcrs, positioners, safe-guards,
and task software specialized to the
needs and constraints of commercial
agriculture and related industries.
Component technology results will be
integrated onto a commercial
agr i cu l tura l h a r v e s t e r , and
demonstrations will be conducted of
automatically controlled harvesting
operations t o  rnarkc)t relevant
standards.



D. Component ~“cchnologies

‘1’hc program is developing a numtmr of
ccmqmncnl  technologies, which complement the
demonstration-drivcntasks. Examp]csofthc.se
component technologies arc provided bclo w.

1. Advanced Robot  Joint l’cchnology.
‘1’his task,  being performed at the Goddard
Space Flight Center (GSI~C), develops an
advanced clcctromcchanical  joint with a goal
of producing at least a four-fold improvcnwnt  in
size (volurnc/mass)  and power/torque output.
At the .samc time, it advances the statc-of-thc-
art in controllability, safety, and reliability.
‘1’hc j o i n t w i l l  bc fundamcnta] t o  a l l
clccttorncchanical  dcviccs  including robots and
scientific instruments and, as such, will upgrade
all manner of  NASA satell i tes,  robots,
platforms, and scientific instruments.

2. Capaciflcctor  Camera. Closed loop
control of docking and berthing mechanisms,
such as robots, is currently lacking within the
final  approach o f  a  f c w  ccntirnctcrs.
Alternative proximity sensors require minimum
standoff distances (cameras, laser range
finders). The capacif]cctor camera, bein,g
developed by the Goddard Space Flight

Center, allows  capaciftcctors  to operate close
tc)gcthcr, providing multiple proximity data
streams, and the potential for full 6 dc,grces of
freedom (I>OF) control. Currently, mechanical
scanning is used to locate, align, and grasp
objects for manipulation. This is time consuming
and requires special algorithms to bc written
for each task. Using the capaciflcctor  camera,
and electronically scanning the sccnc, will
reduce time and provide a more general,
compact solution to the berthing and docking
problcm. This would be especially useful on the
second 1 ]ubb]c space telescope servicing mission
(a proposed robotically assisted flight in 1997)
where highly dexterous tasks must be cxccutcd.

s. 3’c]e~>re.wllcc/]lxoskc] ctoxl. This JI>].-
lcd p r o j e c t augrncnts telcmanipulation
capabilities through the development and
evaluation c~f a unique force-reflecting master-
slave exoskeleton anthropomorphic arm-hand
systcm,  with the emphasis c)n the use of l; VA-
rated t 00 1s and o n minimum t r a i n i n g
requirements. There is also strong interest for
the backdrivcablc  glove as a physical therapy
aid to rehabilitate stroke patients paralytic
hands. Figure 8 shows the current version of the
4-fingered master/slave setup.



4. Redundant Robot Systems. ~’hc
objectives of this program clement arc to
perform research in advanced robotics
regarding fault tolerant manipulator systems.
l’or space operations, extraordinary reliability
will bc needed to protect space assets, and to
ensure that robots arc capable of physical task
performance over 10IIg duration missions. ‘1’hc
goal of the failure tolcrancc  in manipulator
design task is to develop a major testbed to
treat failure tolerance in mechanical structures
associated with robotics and computer
controlled machines. ‘l’his work is being
col~ductcd  at the University of q’cxas at Austin
(UT), under the sponsorship of the Johnson
Space Center.

5. Multiple lntcractivc  Robotics. The
Acrc)spacc  Robot ics  laboratory  (ARI.)  at
Stanford University is developing new concepts
for the precise manipulation of objects in free
space. I“hc AR]. is pursuing two fields of robotic
Inallipulation:  Cc)ntrol of free- flyins vehicle
systems, and lligh-13crforrlla11cc  control of
flexible manipulators. ~’he control of free
flying vehicle systems focuses on navigation
t e c h n i q u e s  a n d  the deve lopment  o f  a
supervisory task level intcrfacc  for tasks such
as assembly of structures using a team of free
flying  space robots. I“hc area of flexible
manipulators includes research in object
manipulation by a f lexible macro-mini
manipulator, a n d  a d a p t i v e cent ml o f



manipulators with complex dynamic payloads. evaluating the corresponding benefits, is an
l~i~ure 9 illustrates onc of the Stanford frec- important future challcngc.
flying robots operating above an air-bearing
table. ACKNC)WII{I>GME{N’IS

}’. Conclusions

While the NASA ‘1’elcrobotics  program }las
built a record of substantial achievement,
important technical  and programmatic
challenp,cs  remain. ‘1’hc ultimate goal of
building auto Jlonlous robots  that  can
si~nificant]y  assist humans in space and that
can with little direct human intervention
explore remote planetary surfaces is ambitious.

I’ethnical challenges for on-orbit robotics
include development of automated operation of
remote dexterous robots from the ground,
compilation and concatenation of robot skills tc)
reliably Cxccutc complex Scqucncc’s
aut cmomous] y, instrumented cnd-cffcctors  for
improved dexterity in repair tasks. Similarly,
technical challenges for planetary surface
robotics include real-time perception for
autonomous identification of scientific goals,
c)n-boar-d placement of science payloads and
rock coring, and autonomous navigation over
long distances of tens of kilometers or more,

I’rogrammatic  challenges include building
on recent succmscs  (e.g. Mars micro-rover) in
having the program’s technology used by actllal
flight projects. This challenge is being
addressed by stimulating user involvement in
each of the program tasks, during all stages
(i.e. inception to completion) of the task. The
program has matured a significant number of
tclcvobotic  systems, including scvmal that arc
ready for flight cxpcrimcntation.

An important future goal is to broaden the
range of applications of tclcrobotics  in space.
}{mphasis  on manipulators for servicing tasks
and mobile robots for surface operations has
resulted in si~nificant opportunities for fli~ht
experiments and missions. Tclcrobotics
technology can however enable a much broader
range of missions (e.g. robotic devices for
asteroid sample ret rieval, remote dcp]o ymcnt
and construction of astrophysics observatory on
the 1 .unar surface). Synthesizing new classes of
robot configurations for such missions, and
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